Abstract-In metasurface (MTS) antennas, a surface wave (SW) is gradually transformed into a leaky wave, owing to the SW interaction with a reactance tensor periodically modulated in the aperture plane. In such antennas, the modulated reactance is typically obtained by subwavelength patches printed on a dielectric substrate. As an alternative technology, we propose the use of a class of metal-only MTSs in the synthesis of the reactance tensor. The absence of dielectric is useful to withstand harsh environments in space applications. The proposed element consists of a metallic cylinder with elliptical cross section, placed on a ground plane and arranged in a square lattice with subwavelength unit cells. This structure is well suited for fabrication by metal additive manufacturing. We have applied the metal cylinders in the design of a right-handed circularly polarized antenna, with broadside pencil beam at Ka-band. The obtained performance has been verified by full-wave simulations. A prototype has been successfully manufactured and measured, showing a good performance.
I. INTRODUCTION

I
N THIS paper, we present a new type of low-profile highgain metasurface (MTS) antenna. The proposed structure (see Fig. 1 ) is composed of metal-only subwavelength elements, well suited to fabrication by additive manufacturing. The MTS element consists in a metallic cylinder with elliptical cross section, grown on a ground plane and arranged in a The elliptical cylinders exhibit different orientations, heights, and ratios between the major and minor axes of the ellipse across the aperture, which allows one to control the anisotropy and modulation of the equivalent reactance. The interface between the endpoint of the metallic cylinders and free space is planar, whereas the base of the cylinders varies in height in order to modulate the reactance profile [see Fig. 1 
(Top inset)].
The development of medium-and high-gain telecommunications antennas is of crucial importance in any spacecraft. The most common solutions to obtain high to very high gains in satellite systems are reflector antennas. However, reflectors might not be the best option when a low profile is required. Phased arrays constitute a versatile alternative, but they require complex feeding networks and their Rx/Tx modules are costly and energy hungry. Even if a reduction of weight, volume, complexity, and cost is always desirable, parabolic reflectors and phased-array antennas are particularly difficult to adapt to SmallSats and CubeSats, whose number of launches keeps increasing [1] .
Significant efforts have been carried out recently to develop compact high-gain antennas for space. Among the most noteworthy solutions, one can find deployable reflectarrays [2] and meshed deployable reflectors [3] . Despite the elegance of deployable antennas, the risk associated with the deployment of both the feed and the mesh reflector or the reflectarray panels calls for alternative solutions. One possibility to get rid of the reflector deployment consists in integrating planar antennas on the spacecraft chassis. Another desirable characteristic lies in having the source on the aperture plane, so one can also eliminate the need of deploying the feed. Along these lines, it is possible to use corrugations around a rectangular subwavelength slot in order to get either a broadside pencil beam with concentric rings [4] or a tilted one with centershifted grooves [5] . The latter structures are low profile and can be readily integrated in the satellite chassis. However, the amplitude taper of the field is not addressed, and its polarization is forced by the source. Conversely, it has been shown that planar MTS antennas [6] - [12] provide an accurate control of the aperture fields while preserving a low profile, low weight, and a feed embedded in the aperture plane. This feed launches a dominantly transverse-magnetic (TM) surface wave (SW). The SW interaction with a periodically modulated surface reactance results in the (−1) indexed Floquet mode entering the visible region. The power is gradually radiated owing to this SW to leaky-wave transformation. As in the corrugated structures, the feed is embedded in the MTS, so no protruding feed or subreflector is required; this is an advantage with respect to other types of printed antennas like reflectarrays. Moreover, by using MTSs, one can taper the aperture field and easily handle the polarization of the radiated fields.
Recent developments on the modeling of MTS antennas allow one to carry out an accurate control of the amplitude and phase of the aperture field with subwavelength patches printed on a grounded dielectric substrate [10] . However, the use of dielectric substrates might be limiting to withstand harsh environments in space applications [13] , [14] . This includes large thermal ranges and high radiation levels. A metal-only design (e.g., aluminum) will be less susceptible to thermal variation and will not suffer for dielectric property change due to a high level of radiation. The elimination of dielectric eliminates the possibility of electrostatic discharge, the hysteresis losses, and the uncertainty in the dielectric constant (thus, improving tuning accuracy).
A scalar reactance synthesized by an array of metallic cylinders placed on a ground plane has been used in [15] and [16] . In the latter structure, which resembles Fakir's bed of nails, it is possible to tune the inductance by changing the height of the cylinders. However, this geometry fails in providing a space-dependent anisotropic reactance. It is, thus, necessary to introduce additional degrees of freedom in order to model the anisotropic boundary condition (BC), a key step to control the polarization. To that end, we propose fully metallic cylinders with elliptical cross section (see the insets in Fig. 1 ). The elliptical cylinders allow one to exert the same control of the aperture field as the one already demonstrated with printed patches and can be easily fabricated by additive manufacturing. This technology has been recently used in the prototyping of dielectric MTS antennas [17] and lenses [18] . This paper is organized as follows. The synthesis of modulated MTS antennas is recalled in Section II. Section III describes the metallic MTS element and the way of retrieving the equivalent reactance from the full-wave analysis of the periodic structure that locally fits the antenna geometry. Section IV presents a design example, including the MTS layer and the SW launcher. Section V describes the fabrication process and presents the experimental results. Finally, Section VI draws conclusions.
II. MODULATED MTS ANTENNAS
In the synthesis problem, the goal is to find a structure able to generate an objective aperture field E A . We consider circular antennas of radius R, which present a planar interface with free space at the z = 0 plane of a Cartesian reference system with coordinates (x, y, z) and unit vectors (x,ŷ,ẑ). Throughout this paper, vectors will be denoted by bold characters, unit vectors by bold characters with a caret, and tensors by bold characters underlined by double bars. An exp(jωt) time dependence, where ω is the angular frequency, is assumed and suppressed. For convenience, we define the observation point on the aperture as ρ = ρ cos φx + ρ sin φŷ in a cylindrical coordinate (ρ, φ) system with unit vectors (ρ,φ).
In the first instance, let us represent the periodically modulated MTS by the X(ρ) tensor, which relates the total tangential electric and tangential magnetic fields on the MTS aperture as
where we assume X(ρ) = X(ρ + pρ), with p being the period of the modulation. The fields in (1) are evaluated at the upper interface andẑ is normal to the MTS plane. Equation (1) describes an impenetrable BC [19] , [20, [20] or sheet transition BCs [22] , [23] , which relate the fields on both sides of the MTS. The former will be used throughout this paper, whereas the latter is preferred in the synthesis of MTS antennas consisting of subwavelength printed patches [10] . Assuming that a source at the origin launches a cylindrical SW with wavenumber β sw , the total aperture field E t on the impenetrable BC reads as
where I T M is the complex excitation coefficient of the SW, and H (2) 1 (·) is the Hankel function of the second kind and first order. The presence of the imaginary part α in (2) takes into account the radiation by leakage. The SW wavenumber β sw is related with the average value of the ρ component of X by 2 , where k and ζ are the free-space wavenumber and impedance, respectively.
The aperture fields E A required to obtain a right-handed circularly polarized (RHCP) and a linearly polarized (LP) broadside pencil beam are
respectively, where E 0 is the field magnitude and U A is a step function that equals one inside the aperture and is zero elsewhere. In order to find X, we identify the objective aperture field E A with the −1 mode contribution of E t in (2) [8] , thus obtaining
where the period p of the modulation is obtained from β sw = 2π/ p and the upper and lower signs correspond to theρ andφ components, respectively.
Using (3) in (5), along with the asymptotic expression of the Hankel function, and projecting X ·ρ alongρ andφ leads, for the RHCP aperture field, to
For the LP aperture field, one similarly gets
where in both (6) and (7), the relationship between X 0 and p is
The above-mentioned expressions include a modulation index M, which is a design parameter.
In the following, we will assume M constant, which implies that α is independent of ρ [8] . The use of a variable M leads to a control of α along ρ and can be used to taper the field amplitude along a desired profile [8] , [10] . Thus, by using a variable α, one could increase the aperture efficiency [24] .
III. METALLIC MTS ELEMENTS
Equations (6) and (7) provide the impenetrable reactance tensor which, upon interaction with a cylindrical SW, will generate the objective far field. Once the expression of the space-dependent tensor X has been computed on the aperture, one has to find a structure able to implement the entries of X. The unit cell consists of metallic cylinders with elliptical cross section (see the insets in Fig. 2 ). These cylinders have height h, orientation angle ψ, and present an elliptical cross section with major axis A and minor axis a.
The entries of X for a given geometry are retrieved using an eigenmode full-wave solver [25] . Based on a local periodicity assumption, the solution can be obtained for a unit cell with periodic BCs. For each pair of phase shifts (ψ x , ψ y ) applied to the unit cell in the x-and y-directions, one obtains the propagation frequency f for the fundamental mode design frequency. Then, the surface reactance tensor at f 0 can be retrieved from the corresponding isofrequency dispersion curves by fitting, in the least square sense, the simulated data with [27, eq. (19)]
where α z = β 2 sw − k 2 and the reactance quantities X ab in (8) are expressed in a Cartesian reference system. Equation (8) is derived by imposing the transverse resonance det(X −1 + X −1 0 ) = 0, where X 0 = jζ(−α z /kρρ +k/α zφφ ). By repeating the above-mentioned procedure for each geometry, one can build a database which univocally links the geometry of the unit cell with the entries of X. Symmetries in the unit-cell geometry can be exploited to build the database. In this particular case, one can retrieve, from X obtained for ψ ∈ [0, π/4], the values in the full ψ ∈ [0, 2π] range.
Despite the possibility of reducing the number of calculations for some geometries, building a 2-D map (like the one in Fig. 2 ) for each possible configuration leads to long computations. One can drastically reduce the computation time by aligning β sw with the principal axes of the dispersion curve, which can be identified with the two orthogonal symmetry axes of the elliptical cylinder (ξ and η in the top right inset of Fig. 2) . Afterward, one can retrieve the principal values of the reactance tensor, X ξ and X η , using the full-wave eigensolver. Then, the Cartesian components of X can be written as X = R(ψ) T diag(X ξ , X η )R(ψ), where ψ is the orientation angle of the ellipse in Fig. 2 , T denotes the transpose, and
The corresponding isofrequency dispersion curves (dashed lines in Fig. 2 ) are plotted using (8) . This approximate procedure leads to accurate results while reducing the database construction time by a factor of 8. It has been shown in previous works that the same approximate procedure does not provide the same degree of accuracy for MTSs based on printed patches [26] , [28] . Using the methodology in the paragraph earlier, one can build a database that relates the surface reactance tensor with the geometry of the unit cell. Fig. 3 shows the values of X x x , X xy , and X yy (Cartesian entries of X) for different orientations, ratios A/a, and heights h of the elliptical cylinders. It is important to note that in order to guarantee the mechanical robustness of the final structure, we typically construct the database for h/a ratios smaller than 10.
IV. ANTENNA DESIGN
Next, we present the design of two Ka-band antennas operating in the 31.8-32.3 GHz deep space downlink band (space to Earth) [29] . The first design provides a circularly polarized broadside beam (6), while in the second one, we target linear polarization (7). In Sections IV-A and IV-B, the MTS synthesis and the feeding circuit are described.
A. MTS Synthesis
In the implementation of (6) and (7), we have used X 0 = 0.8 ζ , M = 0.4, d = 1.235 mm, and p = 6 d. The antenna radius is R = 5λ 0 , where λ 0 is the free-space wavelength at 32 GHz. To synthesize the tensors in (6) and (7), the impedance surface is sampled on a regular Cartesian lattice, with the same unit-cell size (d) as the database. Then, each impedance sample is implemented using a metallic pillar inside the corresponding lattice cell by retrieving its geometry from the database. Although (6) and (7) provide the entries of X in cylindrical coordinates, they can be easily transformed to a Cartesian reference system by a rotation matrix. Then, one can establish a direct link with the values in the database (see Fig. 3 ). In both cases, the final structure consists of around 4500 elliptical cylinders with heights comprised between 1.325 and 1.525 mm.
The far-field gain patterns have been computed at 32 GHz using a full-wave solver [25] . Fig. 4(a) shows the RHCP broadside beam obtained with (6) in the φ = 0 • , φ = 90 • , and φ = 45 • planes, whereas, Fig. 4(b) displays the LP broadside beam realized using (7). The peak gain for the RHCP antenna is 26.1 dBi, which implies a 40% aperture efficiency. In turn, the LP antenna presents a 25.6 dBi peak gain and a 36.8% aperture efficiency. Larger aperture efficiencies can be obtained by tapering the modulation index and the corresponding α. The simulated −1 dB gain bandwidth is around 5% for both designs; thus, we exceed the 1.6% bandwidth required for the Ka downlink band.
B. Feeding Circuit
The antennas are fed by a circular waveguide excited in the TM 01 first higher order mode. The TM 01 mode provides an efficient excitation on the MTS plane of a circularly symmetric TM SW mode, which matches (2) within a good approximation. This circular waveguide excitation has been preferred over a coaxial feeder (often used in printed elements MTS design) owing to its better performance in terms of losses and to the possibility of easily scaling the waveguides in frequency.
The complete structure, shown in Fig. 5 , consists of an H-plane power divider in rectangular waveguide, which feeds two symmetric sections placed underneath the MTS. We choose to use the H-plane in order to obtain a low-profile feeder. The two TE 10 branches arrive to the circular waveguide on two sides. The symmetry of this geometry leads to the suppression of the fundamental TE 11 mode and to the excitation of the TM 01 mode in the circular waveguide. Moreover, the junction between the rectangular branches and the circular waveguide consists of a Chebyshev-like matching network designed as a cascade of waveguide sections with different heights and lengths. The dimensions of these sections have been optimized to match the WR-28 waveguide to the MTS input impedance and are given in Table I . Besides, the length and diameter of the circular waveguide are H CW = 1.9 mm and D CW = 8.2 mm, respectively. The S 11 obtained with the aforementioned feeding structure is shown in Section V-B. 
V. MANUFACTURING AND EXPERIMENTAL RESULTS
The RHCP antenna described in Section IV-A has been manufactured and measured.
A. Manufacturing
In this section, we describe the process followed to manufacture the MTS antenna with an RHCP broadside pencil beam presented in Section IV-A. Fig. 6 shows a picture of the two prototyped blocks. Block-1, shown in Fig. 6(a)-(c) , has been fabricated by a combination of metal additive manufacturing and computer numerical control (CNC) milling in an aluminum baseplate. Indeed, as a first step, the MTS elements have been 3-D printed in the front side of the Al baseplate. To that end, the elliptical cylinders [see Fig. 6(a) and the inset in Fig. 6(c) ] have been manufactured using laser beam melting (LBM) with LaserForm AlSi10Mg material on a ProX DMP 320 metal printer [30] . AlSi10Mg alloys typically present an electric conductivity of 2 × 10 7 S/m [31] - [33] . On the other hand, after evaluating scanning electron microscope images of several 3-D printed MTS samples, we have determined that the adopted LBM process can guarantee a surface roughness average R a of around 5 μm.
Once completed the 3-D printing of the MTS, we fabricated the waveguides in the back side of the same Al baseplate by CNC milling. In Fig. 6(b) , one can observe the power divider and the matching sections. One can also notice two drills for the dowel pins used for alignment and a series of drills to assemble both blocks. On the other hand, Block-2 [see Fig. 6(d) ] has been fabricated using conventional CNC milling. It is important to note that in order to guarantee a good contact between blocks, we have used a contour oversize around the waveguide edges. The adopted approach provides good results in the frequency range of interest, as one can see from the measured reflection coefficient and radiation patterns in Section V-B.
B. Experimental Results
In the next paragraph, we report the measured reflection coefficient and radiation patterns for the prototype in Fig. 6 . First, Fig. 7 (a) presents a comparison between the measured reflection coefficient and the one obtained with CST [25] . An excellent agreement is observed between both curves, with the measurements matching even the resonances (around 28.7 and 39.5 GHz) outside the design frequency range. Despite the slightly higher reflection coefficient measured between 31.2 and 32.8 GHz, i.e., in the frequency band of operation, the obtained S 11 levels are around −15 dB and always well below −10 dB. One can also observe a small frequency shift toward lower frequencies in the measured S 11 . This discrepancy is mainly due to the fabrication tolerance in the additive manufacturing process. As detailed next, such tolerance also has an impact on the antenna radiation performance.
Next, we present a comparison between the measured radiation patterns for the structure in Fig. 6 and the ones simulated using CST and the complete CAD model in Fig. 1. Fig. 7(b) depicts the measured and simulated broadside directivities. Here, one can observe a 3% frequency shift toward lower frequencies in the peak directivity. Figs. 8(a) and (b) show the measured and simulated directivity in the φ = 0 • plane, respectively, as a function of the frequency and the elevation Finally, Fig. 9 shows a comparison between the measured and simulated RHCP and LHCP components of the directivity patterns in the φ = 0 plane at 30, 30.5, 31, 31.5, 32, and 32.5 GHz. In this figure, one can observe a good agreement between the measured and simulated patterns, except for the slightly different peak levels. This difference is related to the frequency shift observed in Figs. 7(b) and 8(a) . The maximum measured directivity was 25.4 dB at 31.5 GHz, whereas the measured gain at this frequency was 24.4 dB. The 1 dB loss is due to ohmic losses and inaccuracies in the surface finish.
VI. CONCLUSION
In this paper, we have demonstrated the suitability of a class of metal-only MTS to the design of millimeter-wave high-gain antennas. The proposed antenna topology consists of several thousands of subwavelength metallic cylinders with different elliptical cross sections and heights. The cylinders are placed on a ground plane and arranged in a square lattice. This configuration preserves the flatness and lightweight of MTS antennas based on printed patches and can be easily fabricated by metal additive manufacturing. By using a fully metallic structure, we can also avoid electrostatic discharge problems, thus simplifying the qualification tests required for space applications. In order to verify the effectiveness of the presented approach, we have designed, manufactured, and tested an RHCP antenna with a broadside pencil beam in the Ka-band. The measured performance is in good agreement with the theory and the simulation results. The proposed MTS structure may be used in the next generation of antenna systems for space applications. Indeed, the low profile and low mass offered by this antenna make it an excellent candidate for SmallSats and CubeSats.
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